ABSTRACT We explore the inßuence of egg mortality dynamics on the rate at which target pests evolve resistance to high-dose transgenic insecticidal crops. We develop a two-patch deterministic population genetic model in which pests can develop in either toxic or nontoxic (refuge) Þelds, and their eggs are subject to varying levels and forms of egg mortality. The three standard forms of egg mortality are studied: density independence (DI), positive density dependence (PDD), and inverse density dependence (IDD). Resistance is modeled as a single locus with a fully recessive allele that confers complete resistance with no Þtness cost. Insect movement and oviposition is modeled as follows: males move panmictically before mating and females may either stay in their natal patch to oviposit or move after mating before oviposition. While our simulations show that both the magnitude and form of egg mortality can inßuence the rate of resistance evolution, important caveats apply. Higher levels of DI egg mortality can lead to substantial delays in resistance evolution, but this effect is dependent on the presence of intraspeciÞc competition among larvae. The rate of resistance evolution is affected by the form of density dependence (DI versus PDD versus IDD), but these effects are dependent on at least some females ovipositing in their natal Þeld. If this condition is met, the rate of resistance evolution is fastest when eggs are subject to PDD mortality and slowest when eggs are subject to IDD egg mortality. DI egg mortality produces intermediate rates of resistance evolution.
INSECT PESTS ARE NOTORIOUS for evolving resistance to chemical insecticides very rapidly, often within 50 generations of Þrst exposure (May and Dobson 1986) . To counter this, transgenic insecticidal cultivars (TICs) have been developed to express toxins at doses that are much higher than traditional insecticides. High-dose toxins render resistance traits that would otherwise have intermediate levels of dominance functionally recessive and therefore have the potential to substantially delay the evolution of resistance to the toxin (Comins 1977 , Taylor and Georghiou 1979 , Alstad and Andow 1996 , Gould 1998 , Rausher 2001 . However, the high-dose strategy imposes a regimen of strong and uniform selection, conditions likely to accelerate resistance when one or more resistance genes are present. In response to this concern, resistance management tactics have been tailored to TICs that are based on facilitating mating between susceptible and resistant pest individuals (Alstad and Andow 1996 , Gould 1998 , Andow 2001 . Simulation models of high-dose/refuge strategies have shown that the number of generations until Þxation of a resistant genotype can range between dozens and thousands of generations, depending on factors such as the area and spatial and temporal distribution of the susceptible crop (refuge) (Comins 1977 , Mallet and Porter 1992 , Tabashnik 1993 , Caprio 1994 , Alstad and Andow 1995 , Roush 1997 , Onstad and Gould 1998 , mating behavior and dispersal of the pests (Comins 1977 , Peck et al. 1999 , Caprio 2001 Onstad et al. 2002) , Þtness of the pest in the absence of the transgenic toxin (Ferro 1993 , Caprio 1994 , Peck et al. 1999 , Hillier and Birch 2002 , Neuhauser et al. 2003 , insecticide applications Andow 2002, Onstad et al. 2002) , and natural enemy attack (Gould 1994 , Arpaia et al. 1997 , Neuhauser et al. 2003 .
The inßuence that natural enemies have on the rate of resistance evolution in pest insects was Þrst explored in detail by Gould et al. (1991) . This work was concerned primarily with nonengineered partial resistance traits and therefore is not strictly applicable to high-dose TICs. However, the insights provided are general and have set the stage for models and predictions that consider natural enemy effects on resistance evolution for the targets of TICs (Johnson and Gould 1992 , Gould 1994 , Arpaia et al. 1997 , Johnson et al. 1997a . Gould et al. (1991) analyzed a series of single-locus population genetic models in which resistance traits on the part of the herbivore inßuence their risk of natural enemy attack. As expected, resis-tance evolution was accelerated when the resistance trait led to disproportionately lower natural enemy attack of the resistant genotype, and resistance evolution was slowed when the resistance trait led to disproportionately higher natural enemy attack of resistant genotypes.
Differential natural enemy attack rates can result from differences in developmental times or differences in behavior. For instance, susceptible genotypes may have an extended larval development time or greater movement rate on toxic plants and may therefore be exposed to higher natural enemy attack rates. An example of this scenario was documented by Johnson et al. (1997b) : Bt-susceptible Heliothis virescens (F.) larvae have greater movement rates than Btresistant H. virescens larvae on Bt tobacco plants, and this movement increases their risk of being infected by the entomopathogenic fungus Nomuraea rileyi (Farlow) (Johnson et al. 1997a, b) . The development time of susceptible larvae is delayed as well, and this can increase parasitism by the parasitoid Campoletis sonorensis (Cameron) (Johnson and Gould 1992) . Both of these sources of disproportionately greater mortality of susceptible larvae can, in principle, accelerate the evolution of Bt resistance in H. virescens. Johnson et al. (1997a) went on to show that resistance evolution by H. virescens was more rapid in the presence of N. rileyi in three of four experimental trials providing limited empirical support to the hypothesis that natural enemies can accelerate the rate of resistance evolution. The opposite outcome is also possible, however. Susceptible larvae may suffer less attack if their lower feeding rate makes them harder to Þnd by parasitoids that use host-feeding cues to locate their hosts (Johnson et al. 1997b , Schuler et al. 1999 . In this scenario, resistance evolution is delayed by the natural enemy.
In high-dose situations such as the ones involving TICs, effects of natural enemies on pest evolutionary dynamics will be mediated primarily by larval pest density. The high dose of toxin ensures that larvae with at least one susceptible gene will die as opposed to experiencing decreased growth rates or fecundity. Thus, in the early stages of resistance evolution, susceptible larvae will be present at relatively high densities in the refuge, and resistant homozygous genotypes will be present at relatively low densities in Þelds planted to the TIC. This leads to a rather straightforward prediction for how natural enemy attack on larvae should affect the rate of resistance evolution: natural enemies that produce positively density-dependent mortality will accelerate resistance evolution and natural enemies that produce inversely density dependent (IDD) mortality will slow the evolution of resistance (Gould 1994 , Arpaia et al. 1997 , Hillier and Birch 2002 , White and Andow 2003 . This prediction applies when larval density dependence (e.g., from intraspeciÞc competition) occurs after the larvae are subjected to selection.
But what about egg mortality? Eggs and other nonfeeding stages do not consume plant tissue and are therefore not subject to selection by the toxin. Furthermore, there is no evidence that female pest insects avoid ovipositing on TICs (e.g., Liu et al. 2002) . All else being equal, there is no reason to expect that eggs with resistant and susceptible genotypes should be present at different densities in Þelds planted to toxic and nontoxic crops. Indeed, the model of Gould et al. (1991) indicated that neither the presence nor the magnitude of egg mortality should inßuence the rate of resistance evolution.
Conditions under which egg mortality can inßuence the dynamics of resistance evolution do exist, however, and we have discussed some of these dynamics in summary form previously (Neuhauser et al. 2003) . In this paper, we expand the model developed by Neuhauser et al. to explore more fully the potential effects of egg mortality on the rate of resistance evolution to TICs.
Model Development
We developed a two-patch simulation model in the tradition of the model originally introduced by Comins (1977) , where one patch contains the transgenic crop expressing insecticide at a high dose (the Bt Þeld), and the other patch contains the untransformed crop (the refuge). The fraction of the total area that is composed of refuge is denoted by Q. At the beginning of each time step, eggs in each of the two Þelds are subject to mortality, followed by selection on young larvae, and density-dependent mortality on older larvae, such as that resulting from intraspeciÞc competition. Eclosing males move randomly before mating randomly with females that remain at their natal sites. After mating, females may either lay eggs in their natal Þeld or they may move and oviposit in the Bt or refuge Þeld in proportion to the respective sizes of the Þelds. A schematic overview of the model is presented in Fig. 1 , and the main mathematical results of the model are presented in Appendix 1.
Each time-step in the simulation begins with eggs being laid by M Bt females in the Bt Þeld, and M ref females in the refuge. Fecundity, , is the same in both Þelds and for all genotypes of females. The frequency of the resistance allele is p, and individuals are either homozygous for the resistance allele (RR), homozygous susceptible (SS), or heterozygous (RS). Throughout, we maintain the assumption that resistance is fully recessive and that there is no Þtness cost associated with resistance.
Egg Predation. Once laid, eggs are subject to mortality independent of their genotypes. Egg mortality can be density independent (DI), positively density dependent (PDD), or IDD. The quantity N i is the number of eggs present in Þeld i (Bt or refuge) and is equal to M i . To obtain densities for use in the densitydependence functions, N is divided by (1 Ð Q) and Q for Bt and refuge Þelds, respectively. The expressions for PDD and IDD egg mortality are as follows for the Bt Þeld: 
and as follows for the refuge Þeld:
where k is a constant and the subscripts Bt and ref refer to Bt and refuge Þelds, respectively (Fig. 2) . These functions represent special cases of a general densitydependence model that are outlined in Appendix 2.
The numbers of eggs of each genotype surviving predation under each form of density dependence are listed in Table 1 . Selection on Young Larvae. After eggs hatch, the Þrst-instar larvae begin feeding and are therefore exposed to selection by the plant toxin. Because we assume that resistance to the toxin is fully recessive, mortality of young larvae in the Bt Þeld is one for the SS and RS genotypes and zero for the RR genotype. In the refuge, survivorship of young larvae is one for all three genotypes. Thus, within-generation genotype frequencies change in the Bt Þeld but not in the refuge.
Larval Density Dependence and Development to Adulthood. During development and after selection, larvae of all genotypes participate in density-depen- . Boxes contain insect life stages (L1 and L2 are Þrst-and second-instar larvae, respectively). Where relevant, life stageÐspeciÞc mortalities () are noted adjacent to the arrow after the affected life stage. Three classes of mortality are modeled. Mortality of eggs can be either independent of egg density, N, or it can be a function of N and the constant k. Mortality of Þrst-instar larvae depends on the genotype and whether the larvae are feeding in a Bt patch or not. Finally, the mortality of larvae that have survived the Þrst instar is an increasing function of larval density. No mortality is assigned to pupae or adults. Males and females are produced in even proportion, and males disperse before mating so that they encounter females from either Þeld according to the femalesÕ position in either Þeld type. Mated females either lay eggs in their natal Þeld or move to a different Þeld type before ovipositing. dent mortality, such as from intraspeciÞc competition. The carrying capacity is K(1 Ð Q) for the Bt Þeld and KQ for the refuge. Expressions for larval survival rates (S i ) caused by density dependence are as follows for the Bt and refuge Þelds:
Refuge Þeld:
For these expressions, L i is the number of larvae surviving selection. In Bt Þelds, L i is equal to the number of RR eggs surviving predation or parasitism (i.e., the outcome of one of the expressions in the bottom row of Table 1 ), whereas in the refuge, L i is equal to all of the eggs surviving predation or parasitism (i.e., the sum of all three genotypes in one of the columns of Table 1 ). The model includes no pupal mortality explicitly, so these expressions provide us with the number of adults of each genotype in both Þelds. Random Mating and Female Movement. We modeled the situation where males move randomly before mating, whereas females remain in their natal Þeld before mating (we assume a 50:50 sex ratio). This could arise either from males eclosing before females and/or from a greater movement rate for males immediately after eclosion. The result is a complete mixing of male genotypes across both Þeld types and a change in Þeld-speciÞc resistance allele frequencies. Resistance frequency is reduced substantially in the Bt Þeld and increased slightly in the refuge. A fraction r of the mated females is distributed among the Þelds in proportion to their area, whereas a fraction (1 Ð r) remains in their natal Þelds to oviposit. The number of females of genotype g remaining in natal Þelds of type , respectively, where N is egg density and k is a constant (set at 2,500 here). Table 1 . Equations used to calculate the numbers of eggs of each of three genotypes remaining after being subject to three forms of egg mortality
Genotype
Form of density dependence i to oviposit is therefore (1 Ϫ r)M i,g , and the numbers of females of genotype g moving into Bt and refuge Þelds, respectively, are:
and
The females then lay eggs, and the simulation is reinitiated with updated p i and M i .
Model Results

DI Egg Mortality.
We begin by showing the effects of different levels of DI egg mortality under varying refuge sizes when mated females are distributed across the two Þeld types solely in proportion to their area. As found previously (Comins 1977 , Alstad and Andow 1995 , Peck et al. 1999 , increasing the refuge size leads to a delay in the number of generations until the resistance allele becomes Þxed (Fig. 3) .
Increasing the level of egg mortality also delays resistance evolution in our simulations (Fig. 3) . This can be understood by considering the dependence of the numbers of adults produced in the Bt and refuge Þelds on egg mortality (or equivalently, female fecundity), especially during the early generations of selection . In the Bt Þelds, only resistant (RR) individuals survive to the adult stage. Because these larvae are present at very low densities, they are subject to virtually no density-dependent mortality, and their numbers are proportional to the number of eggs that were originally laid and survived.
In the refuge, however, larval densities are much higher because all genotypes survive, and they are therefore subject to density-dependent mortality. As a result, the number of adults produced in these Þelds is usually not proportional to the original number of surviving eggs (Fig. 4) . Indeed, the number of adults in the refuge is regulated largely by the larval densitydependence term and quickly reaches a quasi-equilibrium that is altered only slightly when the Bt Þeld starts to produce appreciable numbers of adults (Fig. 5 , see also Ives and Andow 2002) . Because p is proportional to the numbers of adults produced in the Bt Þeld divided by the number of adults produced in the refuge in the early stages of resistance evolution, and egg mortality has a greater inßuence on numbers in the Bt Þeld than the refuge, the dynamics of p are linked to the levels of egg production and mortality. These results lead to the hypothesis that larval density dependence is needed to obtain an effect of egg mortality on resistance evolution. This hypothesis can be evaluated in a number of ways. First, we can eliminate the density-dependence term for larvae. Eliminating the larval density-dependent terms (equations 5 and 6) and replacing them with a constant rate of larval survivorship does indeed nullify the effect of egg mortality on the rate of resistance evolution. In this case, however, the dynamics are unstable, with populations in both Þelds either going extinct or growing exponentially without bound (depending on the magnitude of larval mortality).
Second, we can replace the density-dependence terms (equations 5 and 6) with a different kind of density dependence, which shows that our result is not speciÞc to the form of equations 5 and 6. For instance, we can substitute a constant denoting the maximum numbers of larvae surviving per Þeld. When this constant is low, larval densities are far below those that would experience density dependence in the original formulation. When only applied to the refuge, this formulation mimics a situation in which an insecticide is applied to the refuge and is effective in killing all larvae above a constant number that escape the spray, such as when there is a constant number of "safe" sites to survive the insecticide. Density-dependent larval mortality is retained implicitly in this model because the proportion of eggs surviving to adulthood declines with egg density when a constant maximum number of larvae survive. The effect of egg mortality found in the original model is retained, with increasing egg mortality leading to longer times to resistance (Fig. 6A ). Results were virtually identical when a constant maximum density of larvae was applied to both Bt and refuge Þelds (model results not shown).
Finally, we can apply a constant proportion of DI mortality to larvae in addition to that imposed by density-dependent mortality. This is applied after selection but before density-dependent mortality, which is retained in its original formulation (equations 5 and 6). When the additional DI mortality is low, it should have no qualitative effect on the effect of egg mortality, because larval density-dependent mortality remains important. However, when DI mortality gets high enough, the effect of egg mortality should disappear, because larval populations will be reduced to such low levels that there is little larval density-dependent mortality. This scenario mimics an insecticide spray that kills a constant fraction of the larvae before they are large enough to do signiÞcant damage to the crop.
When DI proportional larval mortality is applied in the refuge Þeld only, the effect of egg mortality on resistance evolution is lost at high levels of constant larval mortality (Fig. 6B) . At high rates of larval mortality, the situation in the refuge is similar to what is occurring in the Bt Þeld. Thus, the production of resistant adults is not affected by density-dependent larval mortality in either Þeld and the magnitude of egg mortality does not inßuence the rate of resistance evolution. Higher levels of DI larval mortality lead to more rapid resistance evolution over all levels of egg mortality (Fig. 6B) . This is because the additional mortality is within the refuge only, which results in additional elimination of susceptible alleles, and therefore, more rapid evolution of resistance. When DI larval mortality is applied to both refuge and Bt Þelds, the qualitative results are the sameÑ egg mortality affects the rate of resistance evolution only at relatively low levels of DI larval mortality (Fig. 6C) . In this case, however, higher rates of larval mortality translate into longer times to resistance because the additional larval mortality in the Bt Þelds acts disproportionately on resistant alleles.
Next, we explored the effect of r, the fraction of (mated) females that disperse before ovipositing. We have thus far assumed that r is 1, which results in random oviposition in either Þeld type. When r is Ͻ1, some females stay in their natal Þeld to oviposit. In our model, lower values of r led to an increase in the number of generations until the resistance allele is Þxed, and this difference increases with egg mortality (Fig. 7) . A similar dispersal effect was found by Ives and Andow (2002) and was explained by the conservation of susceptible alleles within the refuge that occurs when females oviposit in their natal Þelds. This does not conßict with the original insight of Comins (1977) that restricted dispersal of males and females accelerates resistance evolution by restricting mixing of resistant and susceptible genotypes (see also Peck et al. 1999 , Caprio 2001 ). In our model, we have allowed males to move randomly and varied only the extent to which mated females disperse among Þelds. Comins (1977) restricted the movement of both males and females before mating, and restricting male movement accelerates resistance evolution.
In addition, the effect of adult movement on resistance evolution can also depend on the extent to which Bt and refuge Þelds are rotated (Peck et al. 1999 ), a variable we do not consider here.
Density-Dependent Egg Mortality. Our main goal was to determine how the form of density dependence in egg mortality affects the rate of resistance evolution in herbivores subjected to a high-dose toxin. To properly compare effects of different forms of densitydependent egg mortality on resistance evolution, however, we need to ensure that the average level of egg mortality is the same between simulations being compared. This is necessary because of the effects of the magnitude of egg mortality per se on resistance evolution that we have just discussed. Egg mortality can be standardized by choosing values of k that yield an average egg mortality of 50% in both the PDD and IDD models (see Fig. 2 ) and using m ϭ 0.5 for the DI model.
When standardized in this way, the form of egg mortality has no effect on the rate of resistance evolution when mated females oviposit randomly in Bt and refuge Þelds (i.e., when r ϭ 1). With increasingly restricted movement of mated females, however, DI egg mortality leads to delayed resistance evolution as previously discussed, and density-dependent egg mortality affects the rate of resistance evolution (Fig. 8) . The parameter l is the fraction of larvae that suffer postselection, density-independent mortality before the effects of intraspeciÞc (density-dependent) larval mortality. In B, this mortality is applied only in the refuge Þeld. (C) As in B, except that the additional larval mortality is applied in both the Bt and refuge Þelds. Other parameters as in Fig. 3 with Q ϭ 0.2.
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In particular, resistance evolution is accelerated by PDD and slowed by IDD as reported previously by Neuhauser et al. (2003) . The reason is similar to that introduced by Gould (1994) for larval mortality. Restricted movement of mated females results in both a higher density and a higher proportion of eggs with susceptible alleles in the refuge Þelds. Egg mortality that shows PDD therefore kills these susceptible alleles disproportionately, allowing resistant alleles to increase more rapidly. Conversely, IDD kills resistant alleles in the Bt Þelds disproportionately, slowing their rate of increase. We show these dynamics in Fig. 9 , in which egg densities before and after egg mortality are plotted for the Bt and refuge Þelds. While the degree Fig. 7 . Number of generations until Þxation of resistance allele for a range of density independent egg mortality rates and three levels of r, which is deÞned as the proportion of (mated) females that remain in their natal Þeld to oviposit. Other parameters as in Fig. 3 with Q ϭ 0.2. Fig. 8 . Number of generations until Þxation of resistance allele for a range of values of r between 0.8 and one for three forms of egg mortality: DI, PDD, and IDD. Egg mortality for the DI runs was set at 0.5, and this same average level of egg mortality (over both Þeld types) was achieved for the PDD and IDD runs by setting the parameter k at 40,000, 48,000, and 53,000 for r ϭ 1, 0.9, and 0.8, respectively. The gray line represents a simulation with no egg mortality. Other parameters as in Fig. 3 with Q ϭ 0.2. of egg density suppression is similar in the Bt and refuge Þelds under DI egg mortality (Fig. 9A) , suppression is greater in the refuge under PDD (Fig. 9B) , because initial egg densities are higher in refuge Þelds than in Bt Þelds. For the case of IDD egg mortality, disproportionately higher egg suppression is seen in the Bt Þeld, which has lower initial egg densities (Fig.  9C ).
Discussion
Our simulations show that characteristics of the egg mortality experienced by insect herbivores can inßu-ence the rate at which resistance to a TIC evolves. Two main effects were noted. First, higher egg mortality delayed the evolution of resistance, and the magnitude of egg mortality was proportional to the number of generations to resistance. This result depended critically on density-dependent larval mortality. Second, PDD egg mortality accelerated the evolution of resistance, whereas IDD egg mortality delayed it, provided that at least some females remained in their natal habitat to oviposit.
The magnitude-of-egg-mortality effect was somewhat unexpected because Gould et al. (1991) found no such effect in a model of partial resistance and because, a priori, it is not clear how the mortality of eggs, which are themselves not subject to selection, could inßuence the rate of evolution. While some other simulation models have uncovered an effect of reduced female fecundity (which is analogous to increased egg mortality) on resistance evolution, these effects have been produced because the populations went extinct at low levels of fecundity (Caprio 1994 , Peck et al. 1999 , a situation that is not comparable with ours. In our model, populations do not go extinct, and the magnitude of egg mortality affects the rate of evolution through an interaction between egg and density-dependent larval mortality. In refuge (nontoxic) Þelds, density-dependent mortality of larvae renders variation in initial egg density largely irrelevant, because a carrying capacity is attained rapidly in the simulations (see van Hamburg and Hassell 1984 for an analogous situation). In the toxic (Bt) Þelds, however, larval densities are far below carrying capacity before Þxation of the resistance allele and densitydependent larval mortality is very low. As a result, the initial egg density is directly proportional to the number of larvae that successfully develop to adulthood in the Bt Þeld. Because the frequency of the resistance allele before Þxation is approximated by the surviving larvae in the Bt Þeld divided by the surviving larvae in the refuge Þeld, this frequency is depressed by egg mortality.
When we reduced the effect of larval density dependence by either eliminating the density-dependence term or imposing an additional high DI larval mortality, the egg mortality effect was lost. Thus, insecticide sprays with similar efÞcacy as the TIC can, in principle, nullify the egg mortality effects shown by our simulations. This only applies, however, when the insecticide is DI and kills a constant proportion of larvae. If the insecticide kills all but a constant number of larvae, mortality from the insecticide is density dependent (as in Guse et al. 2002 , and the effect of egg mortality is retained.
Thus, our result of an effect of magnitude of egg mortality on the rate of evolution resistance hinges on density-dependent mortality among larvae. How reasonable is this assumption? As a Þrst approximation, one would expect that pests serious enough to warrant the development of TICs would experience intraspeciÞc competition as larvae. This may not necessarily be the case however. For instance, larval densities in the European corn borer, Ostrinia nubilalis (Hü bner), were linearly related to egg mortality imposed by the parasitoid Trichogramma nubilale . This suggests that competition among larvae was weak and that economically signiÞcant populations of O. nubilalis were not near carrying capacity. Another study, however, found density-dependent larval mortality in the same species (Losey et al. 1995) . Another way that larval competition can be decreased in TIC systems is regional suppression of the target pest by virtue of the TIC itself. Carriere et al. (2003) recently showed region-wide suppression of the of pink bollworm, Pectinophora gossypiella (Saunders) (a target of Bt cotton), in areas of Arizona with high adoption rates of Bt cotton. Regional suppression of P. gossypiella would presumably lead to lower densities of this pest in refuge Þelds and decreased larval competition. Specialist natural enemies of TIC targets can also be suppressed by widespread TIC adoption (Sisterson and Tabashnik 2005) , but egg predators and parasitoids tend to be generalist feeders.
Insecticide applications in the refuge can reduce the effects of egg mortality substantially, resulting in more rapid resistance evolution (see Fig. 6B ). This contrasts with the Þnding of Ives and Andow (2002) that insecticide applications had little effect on the rate of resistance evolution. In Appendix 1, we show how egg mortality inßuences resistance evolution in the present model (equation A1.5) and suggest that the formulation of larval density dependence may have signiÞcant theoretical consequences on resistance evolution. Ives and Andow (2002) used a different formulation for larval density dependence than we use here, and this may have produced a different result with respect to resistance evolution when the refuge is sprayed with insecticide. Support for an effect of larval density-dependence dynamics on the inßuence that insecticides have on resistance evolution also comes from another modeling study. Onstad et al. (2002) compared the evolution of TIC resistance in two pests, O. nubilalis, and the southwestern corn borer, Diatraea grandiosella Dyar. They found that insecticide applications in the refuge accelerated resistance evolution in O. nubilalis, but not D. grandiosella, if resistance was recessive. One of the main differences between the way the two pests were modeled was the strength of larval density dependence, which was much higher in D. grandiosella.
Our simulated insecticide impacted the pest but had no effect on the natural enemies, as might be the case for a narrow-spectrum insecticide or one that is not used when egg predators or parasitoids are present. Had the source of egg mortality been affected by insecticide sprays, however, outcomes different from the ones that we found could certainly have been produced. For instance, if insecticides were sprayed only in the refuge and killed egg predators in addition to pests, resistance evolution would likely be slowed with respect to the case where insecticides did not affect the egg predators, because susceptible alleles in the refuge would gain more protection from egg predation than resistant alleles in the Bt Þeld.
Our second result is that the form of density-dependent mortality experienced by eggs can affect the rate of resistance evolution. Here again, however, the effect is mediated by dynamics involving a different stage of the insectÑin this case, mated females. Density-dependent egg mortality affects resistance evolution only if at least some females remain and oviposit in their natal Þeld. Even a slight bias toward staying in the natal Þeld for oviposition can lead to marked differences. The direction of the effect is familiar (Gould 1994) : IDD mortality produces delays in resistance evolution, and PDD accelerates resistance evolution over that of DI egg mortality. When females remain in their natal Þelds, egg densities will be lower in Bt than in refuge Þelds. Additionally, a higher proportion of the eggs laid in the Bt Þelds will be homozygous resistant, and a higher proportion of the eggs laid in the refuge Þelds will have susceptible alleles. Mortality factors that are more effective at low densities (IDD mortality) will delay resistance evolution by disproportionately attacking resistant genotypes, and the reverse is true for PDD. This effect is lost, however, when oviposition is random.
The extent to which females will remain and oviposit in their natal Þelds will vary greatly between species, agronomic practices, and also between generations within single Þeld seasons. The Colorado potato beetle, Leptinotarsa decemlineata Say (the target pest of Bt potatoes), routinely oviposits in natal Þelds. It was therefore appropriate for Arpaia et al. (1997) to construct a model in which Bt potato Þelds were assumed to have lower densities of L. decemlineata eggs than refuge Þelds. For other insects, this may not be the case, however. Consider for instance bivoltine O. nubilalis in a habitat of corn that is annually rotated with soybeans. Larvae overwinter in corn stalks and emerge into soybean Þelds in the spring. There is no opportunity to oviposit in natal Þelds, and oviposition rates are expected to be equal in Bt and refuge Þelds for females of the Þrst generation (barring preferences for one or the other genotype). It is in the second generation that there may be some tendency for females to oviposit in their natal Þelds. Even here, however, this bias may be small, given the ßight capability of O. nubilalis adults and the possibility that a large portion of the mating takes place outside of corn Þelds (Andow 2001 , Showers et al. 2001 . Despite these behaviors favoring nonbiased oviposition patterns, however, there is evidence that second-generation O. nubilalis egg mass densities are lower in sections of Bt Þelds planted directly adjacent to refuges (D. A. Andow and D. N. Alstad, unpublished data) , suggesting that sites that produce more O. nubilalis females (refuges) receive more eggs than sites that produce less O. nubilalis females (Bt Þelds). Also, in a large-scale Þeld study conducted by Venditti and Steffey (2003) , no signiÞcant difference in the density of Þrst-generation O. nubilalis egg masses was detected between Bt and non-Bt corn Þelds in the Þrst O. nubilalis generation, but there was a marginally signiÞcant trend for lower egg densities in Bt Þelds in the second generation.
A handful of studies has compared egg mortality in Bt and non-Bt crops by outplanting eggs into the Þeld and assessing predation and parasitism after a speciÞed period. The background egg density at the time of the outplants was not determined in any of these studies, but Moar et al. (2003) reported higher predation of cotton bollworm [Helicoverpa zea (Boddie)] eggs in Bt than in non-Bt Þelds. The study of Moar et al. was done on a large enough scale (Þelds were 10 Ð20 acres in size) that a trend for females to oviposit in their natal Þeld would likely have led to lower egg densities in the Bt Þelds. If this were the case, the higher egg mortality rates in the Bt Þelds would have reßected IDD predation, leading to delayed resistance evolution. Two other egg outplant studies found no difference in egg mortality in Bt versus non-Bt Þelds Landis 1997, Naranjo and Ellsworth 2003) . Plot sizes were rather small (Ͻ0.4 acre) in both of these studies, however, diminishing the likelihood that background egg densities differed between Bt and non-Bt plots. Arpaia et al. (1997) manipulated L. decemlineata egg density in small Þeld plots. The lowdensity plots were designed to mimic Bt potatoes, and egg predation by the coccinellid Coleomegilla maculata was found to be greater at the lower egg densities, despite aggregation of C. maculata to high egg densities. Arpaia et al. concluded that this pattern of IDD predation should delay resistance evolution in L. decemlineata.
The form of egg mortality experienced by target pests is difÞcult to predict. Egg predation and parasitism falling into all three categories of spatial density dependence have been documented for various insect species under Þeld conditions (Hirose et al. 1976 [IDD], Seyedoleslami and Croft 1980 Harmon et al. 2003 [IDD] ) making generalization difÞcult. Also, the form of density-dependent egg predation or parasitism experienced by a single species can vary with factors such as the range of egg densities (Seyedoleslami and Croft 1980, Wang and Ferro 1998) and alternative foods available for polyphagous egg predators (Harmon 2003) . Regardless of the form of density-dependent egg mortality, it is clear that the magnitude of egg mortality can be in the range to signiÞcantly delay resistance evolution under the assumptions of our model. For example, predation of O. nubilalis and L. decemlineata eggs can exceed 50% (Andow and Risch 1985 , Andow 1990 , 1992 , Hilbeck et al. 1997 , 1998 , and releases of Trichogramma spp. egg parasitoids against O. nubilalis result in rates of parasitism that are highly variable but can reach 100% (e.g., Andow et al. 1995 , Wright et al. 2002 . Naturally occurring egg predation and parasitism of heliothine pests in cotton range between 10 and 90% (e.g., Bell and Whitcomb 1964 , Segers et al. 1984 , Johnson 1985 , Suh et al. 2000 .
The results of our simulation model suggest that dynamics of egg mortality, in conjunction with larval density dependence and characteristics of female movement, need to be included in the list of factors already identiÞed that inßuence the rate at which herbivores evolve resistance to strong toxins produced by plants. Both the magnitude and form of egg mortality can produce strong effects in systems with intraspeciÞc competition among larvae and restricted female movement.
Appendix 1
The main results of the simulation model follow mathematically. let p B , p R be the frequency of the R allele during the egg stage in the Bt and refuge Þelds, respectively. Let M B , M R be the number of ovipositing females before oviposition in Bt and refuge Þelds, respectively. Let be the fecundity of each female, and k 1 be egg survival. Let survival of SS and SR genotypes in the Bt Þeld ϭ 0, and survival of RR in the Bt Þeld and SS, SR, and RR in the refuge ϭ 1.
The number of larvae after selection is
Let density-dependent survival be as given in equations 5 and 6. The number of adult males and females in each Þeld before moving and mating is
assuming a 50:50 sex ratio and low larval populations in the Bt Þeld, where the subscripts F and M designate females and males, respectively. Males move randomly before mating and mate randomly within Þelds, and females disperse randomly among Þelds before oviposition. We calculate the genotype frequencies of the potential offspring in females before they disperse as given in Table A1 , where p M is the average R frequency in the males after dispersal in both the Bt and refuge Þelds. It is the same in each Þeld because the males moved randomly among Þelds. SpeciÞcally, This shows that as the refuge proportion (Q) or carrying capacity (K) increases, the evolutionary rate decreases, and as egg survival (k 1 ) or fecundity () increases, the evolutionary rate is faster, showing how variation in egg mortality affects resistance evolution in this model.
